The spin polarization of electrons trapped in InAs self-assembled quantum dot ensembles is investigated. A statistical approach for the population of the spin levels allows one to infer the spin polarization from the measure values of the addition energies. From the magneto-capacitance spectroscopy data, the authors found a fully polarized ensemble of electronic spins above 10 T when B [001] and at 2.8 K. Finally, by including the g-tensor anisotropy the angular dependence of spin polarization with the magnetic field B orientation and strength could be determined. * Electronic address: felix@ifi.unicamp.br † Electronic address: gmedeiros@lnls.br 1
Spin polarization in quantum dots (QDs) is a desirable measurement for a complete characterization of the magnetic response of these systems. The assessment of this quantity has an important impact on the usefulness of QDs for quantum computing processing schemes.
Recently, there has been several experiments relying on the optical selection rules for the determination of spin polarization in QD ensembles [1, 2, 3, 4, 5, 6, 7] . State preparation and measurement with circularly polarized excitation [1] , spin injection with ferromagnetic contacts into light emitting diodes [2, 3, 4, 5] , time and polarization resolved photoluminescence [6] and oblique Hanle effect [7] have been used in order to characterize spin polarization.
Yet, in order to explain the inferred polarization, theoretical results point out that one needs to take into account the hole polarization in the final result [8, 9] .
In contrast to optical schemes, electrical readout of the electronic spins orientation does not require any knowledge of hole polarization, depending only on spin-to-charge conversion [10] . Here we perform magneto-capacitance measurements of QDs embedded in a MetalInsulator-Semiconductor (MIS) capacitor structure. The amount of polarization was inferred by measuring the electron addition energies, from which the Helmholtz free energy associated to the spin degree of freedom was extracted.
InAs QDs capped with thin InGaAs strain reducing layers were grown by molecular beam epitaxy at a temperature of 530
• C as described elsewhere [11, 12] . Schottky diodes were subsequently defined by conventional photolithography. The area of the devices was 4×10 −4 cm 2 , encompassing about 10 7 QDs per diode. The capacitance measurements were performed at a nominal temperature of 2.8K using lock-in amplifiers at a frequency of 7.5KHz. An ac amplitude of 4 mV(rms) was superimposed on a varying dc bias ranging from -2 V to 0.5 V. The experiments were carried out in a superconducting magnet for intensities ranging from 0 to 15 T. The orientation of the magnetic field with respect to the sample crystallographic axes could be adjusted with a goniometer with a precision better 0.5
• .
The gate bias and the chemical potential inside the QDs can be related by solving the Poisson equation for the MIS structure [12] . In a capacitance-voltage measurement, electrons are sequentially loaded into QDs at selected biases and thus the addition energies can be inferred by evaluating the chemical potential µ for each electronic configuration. The addition energies indicate how much energy is required to add the i-th electron compared to the energy needed to add the (i-1)th electron [13] , namely ∆µ = µ i − µ i−1 .
The InAs QDs electronic structure can be described by a lateral parabolic confining potential [14, 15, 16] . Furthermore, the observation of the Aufbau principle and Hund's rule in the charging process confirm that the Fock-Darwin parabolic approximation gives a simple yet precise description for the energy ladder in InAs/GaAs QDs [13] .
In addition to the quantum confinement contribution, the chemical potential includes the magnetic field dependent Coulomb interaction E C (B) [17, 18] , and the Helmholtz free energy F J (B, T ) that accounts for the spin contribution, where J is the total angular momentum.
for the s-shell, and J = L + S, the values corresponding to the charging of one and two electrons are J = 1/2, J = 0. F J (B, T ) can be calculated as:
where
x is the partition function of the system with x = m J gβB/k B T denoting the relation between the magnetic and thermal energy, where β is the Bohr magneton, B is the magnetic field strength, and g is the orientation dependent Landé g-factor
, where θ is the angle between B and the [001] direction [17, 19] .
The spin polarization M can be defined as the difference between the populations of the up and down spin levels normalized by total number of spins. The interaction between neighboring dots is negligible, and thus will not be considered here. Due to the strong confinement, the spin splitting observed in QDs is mostly due to the Zeeman effect, and therefore the Rashba and Dresselhaus contributions are minimal [20] .
The derivative of the Helmholtz free energy gives a relation for the number of magnetic moments aligned with B at a constant temperature, from which the polarization can be expressed:
The normalized polarization is defined by the Brillouin functions. Expressing the addition energies including electrostatic, quantum confinement, and spin terms we obtain for the first 2 particle levels [21] :
where E z is the confining energy in the growth direction and Ω is the B dependent natural frequency of the harmonic confining potential, defined by ω 2 0 + ω 2 c /4 where ω c is the cyclotron frequency and ω 0 is the natural frequency associated with the lateral parabolic confinement. µ 1 and µ 2 can be calculated by equating E 1 = 0 and E 2 = E 1 , respectively:
These leads to the addition energy for the s shell:
which, in the limit of large gβB/kT , gives the expected Zeeman splitting gβB.
Capacitance spectra at two different magnetic fields are shown in figure 1a . In order to analyze the data from an ensemble of quantum dots, we fit gaussian functions to each tunneling event. Solving the sum and difference between the position of the s-state gaussian peaks, we obtainhω 0 = 37.8±0.2meV , E z = 280meV ±2meV , E C (0) = 17.2meV ±0.2meV .
The electrostatic interaction E C can be calculated fromhω 0 in the parabolic confinement assumption [14] , with an agreement better than 5-10% with the measured values of E C .
In our analysis, we fit the peak difference using the equation 5 as showed in figure 1b, using the g-factor as the fitting parameter. The g factor for the s shell is found to be anisotropic [17] : g [001] = 1.51 ± 0.05 and g [110] = 0.87 ± 0.05. For B → 0, ∆µ ∼ kT , which can be verified in figure 1b.
The main feature in figure 1b is that the addition energy evolution with the magnetic field is not linear for fields below approximately 5 T. This is directly related with the lack of spin orientation for the loaded electrons due to thermal disorder acting to randomize the magnetic moments. In figure 1c we plot the Helmholtz free energy F J (B, T ) = Finally, we can infer from these results the polarization dependence on the temperature. excess of 15 T are required to fully polarize the spins. In figure 2c , the angular dependence of the polarization is shown. The degree of polarization varies between 90 and 50%, in agreement with a recent theoretical investigation [9] .
In summary, we were able to determine the degree of polarization of a system of noninteracting spins at finite temperatures and magnetic fields. The angular dependence reflects a spin polarization anisotropy due to the g-tensor characteristics, which should be taken into account in the interpretation of polarization experiments.
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